Superconducting radio frequency (SRF) cavities, used in modern linear particle accelerators, undergo a mechanical strain due to the Lorentz force caused by the applied electrical field. During pulsed-mode operation, the resulting deformation causes dynamic detuning with the magnitude depending on mechanical properties of the cavity, an RF pulse rate and their profile. This effect causes a considerable loss of acceleration performance. Therefore, it is usually actively compensated, most commonly with fast piezoelectric actuators. The Micro Telecommunications Computing Architecture (MicroTCA.4) standard was developed to accommodate control and data acquisition electronic systems of large-scale physics applications. This paper presents the pioneering design of a high-power amplifier implemented using MicroTCA.4 technology. So far, other MicroTCA.4 high-power piezo driver has not been developed. The design of the driver was optimized for driving large-capacitance piezo actuators. Several possible architectures of the driver are presented and compared, taking into consideration the power and cooling limitations of the MicroTCA.4. The design of a two-channel piezo driver dedicated for the European spallation source (ESS) accelerator and its initial laboratory test results are also discussed.
I. INTRODUCTION
S UPERCONDUCTING radio frequency (SRF) cavities, used in modern linear particle accelerators, are subjected to mechanical strain due to the Lorentz force caused by the applied pulsed RF field. The resulting deformation changes the resonance frequency of the cavity. This effect reduces the magnitude of an accelerating field inside the cavity, causing a considerable loss of the acceleration performance. In order to maintain high efficiency, the superconducting cavities require fast dynamic resonance frequency tuning. This is commonly done with piezoelectric actuators and active compensation. Piezoelectric stacks are used both for applying force to the cavity (actuator mode) and measuring its mechanical stress (sensor mode) [1] , [2] .
The European spallation source (ESS) accelerator is a 5 MW proton linac providing beam energy up to 2000 MeV.
The machine is delivering long pulses (2.86 ms) with a repetition rate of 14 Hz. The superconducting section of ESS linac is composed of 352. 21 MHz spoke as well as 704.42 MHz medium-and high-beta elliptical cavities. The former accelerate the proton beam up to 216 MeV, the latter are bringing the proton beam energy up to 571 and 2000 MeV, respectively [3] , [4] .
The superconducting cavities section, operated at a temperature of 2 K, uses a piezo control system (PCS) equipped with two piezoelectric stacks [5] . Any of them can operate in an actuator mode and be used for compensation of the fast Lorentz force detuning (LFD) as well as microphonics. One or both piezostacks operating in the sensor mode could be applied for measuring cavity mechanical stress and vibrations.
The ESS accelerator low-level RF (LLRF) control system will be built with the Micro Telecommunications Computing Architecture (MicroTCA.4) standard [6] . This technology is used in other similar systems such as: the Free-Electron Laser in Hamburg (FLASH), European X-ray Free-Electron Laser (E-XFEL) [7] , [8] or the ITER tokamak [9] , [10] .
The MicroTCA.4 standard defines a hot-swap technology, provides requirements for power supply, cooling, and data transmission fabric redundancy. Intelligent chassis management enables designing scalable high-reliability control and telecommunication systems [11] . If the PCS driver is designed in the form of an Advanced Mezzanine Card (AMC) or rear transition module (RTM), it is possible to integrate it together with the LLRF control hardware installed in the same MicroTCA.4 chassis.
Piezo actuators with capacitance from a few microfarads to tens of microfarads at cryogenic temperatures are used for fast LFD compensation. The compensation during the 2.86 ms pulses for the ESS accelerator requires a relatively high-power amplifier reaching up to a 100 W per channel. There are no commercially available MicroTCA.4-based piezo controller solutions matching the ESS PCS requirements. The only existing MicroTCA.4 piezo driver allows controlling actuators in the pulsed mode with a maximum capacitance lower than 6 µF [12] . The device is based on Class-AB amplifiers, and therefore, the output power for a single channel is limited to ca. 5 W. Therefore, a custom MicroTCA.4-based driver has been developed and tested.
The paper has the following structure. Section II presents the piezo compensation system of the ESS accelerator. The power consumption and heat generation limitations of the MicroTCA.4 standard are shown in Section III. Section IV describes the design of the high-power piezo actuator module developed in MicroTCA.4 form factor. The performance evaluation and the first results from the laboratory tests are discussed in Section V.
II. PIEZO CONTROL SYSTEM OF THE ESS ACCELERATOR
The PCS of the ESS accelerator receives information on the cavity detuning from the LLRF controller. Then, it generates a suitable signal driving two piezo actuators, which compensates the LFD. A block diagram of the PCS of ESS accelerator is depicted in Fig. 1 . The cavity detuning signal is calculated in the LLRF controller using the cavity antenna (probe) and forward signals.
The detuning signal is transmitted using a high-speed, low-latency link (latency below hundreds of nanoseconds) provided to the PCS via the MicroTCA.4 backplane [13] . Single-or multiple-pulse compensation methods are commonly applied for LFD [14] , [15] . In the case of the ESS accelerator, a more sophisticated iterative learning control algorithm could be applied to compensate the LFD for 2.86 ms-long pulses [16] .
The calculated excitation signal is amplified and then delivered to both piezo actuators. The PCS controller is composed of a field-programmable gate array (FPGA) real-time controller and amplifier module. The FPGA firmware, Linux driver, device library, and EPICS support are required to configure, control, and diagnose the PCS.
The MicroTCA.4 standard was chosen to design the LLRF and PCS. The piezo control device (PCD) is designed as an RTM, whereas the front AMC equipped with a Xilinx Artix 7 FPGA delivers the processing power for piezo control algorithms. The PCS is connected to the CPU via a [17] . All parameters can be modified using EPICS process variables and human-machine interface (HMI) panels (see Fig. 1 ).
A. Piezo Actuators
Three different piezo actuators are planned to be used for the PCS of the ESS accelerator (see Table I for reference). The medium-and high-beta elliptical cavities use the Noliac NAC 2022-H30 piezo [18] . The spoke cavities take advantage of higher blocking force Noliac NAC2022-H90 [18] actuators or a setup of two Physik Instrumente (PI) PICMA P-888.91 and a single PI PICMA P-888.51 piezostack [19] .
The selected piezo actuators, which are commonly used for the LFD compensation, require driving voltages up to 200 V (unipolar operation) or ±100 V (bipolar control at cryogenic temperatures). The multilayer piezo plate actuator capacitance depends on its blocking force and the number of cells. For example, it can reach 64 µF at room temperature and 21 µF in cryogenic conditions for Noliac NCE51F devices. The channels can also be operated in parallel to drive two actuators and therefore increase the blocking force and allow Table II .
B. Piezo Driver Specification
The designed piezo driver module is equipped with two independent actuator channels. Each channel should be able to drive piezo actuators with the capacitance higher than 10 µF at a cryogenic temperature (∼20 K) or 30 µF in a room-temperature condition with a pulsed sinusoidal signal. A more sophisticated signal, with higher harmonic frequencies, could be required when a system identification method with iterative learning is applied. In such a case, the piezo driver should be able to provide enough power to drive both piezo actuators.
The PCD should allow reading signals from piezo elements, operating as vibration sensors and recording the spectrum of mechanical resonances. Therefore, each channel of the PCD should be switchable between the actuator and sensor mode.
The PCS needs to be synchronized with the LLRF control system. It should also provide exception handling (interlock system) and piezo protection circuits. The related electrical signals could be distributed using the MicroTCA.4 backplane.
The piezo driver should assure the safe operation of both piezo actuators. The device should be equipped with a protection subsystem that monitors the driver's temperature, output voltage, current, and power driving the actuator in order to detect dangerous situations that could significantly reduce the lifetime of the piezo actuators. Finally, the developed module should be compliant with the MicroTCA.4 standard.
III. LIMITATIONS OF THE MICROTCA.4 STANDARD
The MicroTCA.4 standard, developed in 2011 [6] , is based on the original PCI industrial computer manufacturers group (PICMG) MicroTCA.0 specification [20] . Therefore, it inherits its main limitations concerning power consumption and heat generation in a single slot. The AMC specification allows to provide and dissipate up to 80 W on the module [6] , [20] . The same AMC module could be used in various Telecommunications Computing Architecture systems (xTCA) including the AdvancedTCA and MicroTCA [6] . The MicroTCA.4 standard defines both power distribution and cooling infrastructures.
The hard limits of the MicroTCA.4 technology make the high-power piezo driver design process a nontrivial task. This is also the reason why a high-power MicroTCA.4 driver is currently not available. A few scenarios, including the device implemented as AMC or RTM cards, were carefully analyzed to find the optimal architecture for the design of the high-power driver. Finally, three variants were taken into consideration to design a high-power piezo driver implemented in the MicroTCA.4 form factor.
1) Piezo driver implemented as an AMC module.
2) Piezo driver implemented as an RTM card.
3) Piezo driver implemented as an RTM card with an external power supply module.
A. Piezo Driver Implemented as an AMC Module
The MicroTCA.4 standard allows using maximum 80 W in a single AMC slot. Assuming that the piezo controller electronics, including data processing and control FPGA together with the power supply module, consumes up to 20 W, the remaining 60 W could be used by the piezo driver. In such a scenario, it is possible to design a 60 W single-channel driver or a piezo actuator module with two separate 30 W channels (assuming 100% efficiency of the output stage). This scenario is depicted in Fig. 2 .
B. Piezo Driver Implemented as an RTM Card
When a piezo driver is implemented as an RTM, standardized by the MicroTCA.4 [6] , the maximum available driving power and cooling capability are limited to 30 W. In this scenario, the piezo control logic (FPGA, memory, and Power distribution for the AMC and RTM solution assuming 100% output stage efficiency. power supply module) should be realized on the front-side AMC module. The piezo driver implemented on the RTM side could allocate up to ca. 20 W, assuming that 10 W will be consumed by other supplementary devices of the piezo driver circuitry. In such a scenario, it is possible to design a 20 W single channel driver or a piezo actuator module with two 10 W channels. This scenario is presented in Fig. 3 .
In scenario B, it is recommended to assign and implement as much piezo control electronics on the AMC card as possible to limit power generated on the RTM. The RTM part should be mainly used by the amplifier, driver protection, and diagnostic subsystems.
C. Piezo Driver Implemented as an RTM Card with an External Power Supply Module
The last scenario allows the use of additional power from an external power supply module. In this case, the power dissipated in the driver is limited by the RTM cooling capability of the MicroTCA.4 chassis and cannot exceed 30 W. Making the same assumption as in scenario B, it is possible to dissipate maximum 20 W for a single amplifier or 10 W per channel in the case of a dual-driver version. The power budget distribution is illustrated in Fig. 4 . The main difference is that additional power could be provided from the external power supply. To drive large piezo actuators suitable for accelerators operating with long RF pulses, such as the ESS machine built in Sweden, a high-power piezo driver should be designed using high-efficiency amplifiers. About 90% output stage efficiency is required to achieve 200 W of load power as the power budget leaves 20 W for amplifier losses. 
IV. HIGH-POWER PIEZO ACTUATOR MODULE IN MICROTCA.4 FORM FACTOR
A typical linear Class-AB amplifier is clearly not suitable for the MicroTCA RTM integration due to its poor energy efficiency, estimated to 70%, especially when operating with a constant dc offset. In the case of a single-channel 70 W driver, the linear amplifier would have to be able to dissipate at least 30 W.
Therefore, a high-efficiency Class-D amplifier based on a pulsewidth modulation (PWM) controller from the International Rectifier [21] was used to design a 200 W high-power piezo driver (HPD-200). The solution is equipped with two 100 W channels and it is suitable for driving large capacitance piezo actuators operating in a pulsed or even continuous mode. The driver uses an external 220 W power supply and, therefore, allows controlling the piezo with an amplitude reaching 200 V pp . The power dissipated in the output section of the device is expected not to exceed 20 W.
Both channels of the driver are configurable and can operate in either the driver or sensor mode. The RTM device is equipped with driver protection circuitry and advanced health monitoring based on the intelligent platform management interface (IPMI) standard [22] , [23] . The solution also offers built-in protection mechanisms that monitor control signals and protect the actuator.
The block diagram of the designed HPD-200 piezo driver is presented in Fig. 5 . The module is connected to an AMC module, providing it with power, IPMI management, and payload control signals through a Zone 3 interface. Each of the two PCD channels can operate as an actuator or as a sensor. In order to maximize the blocking force, decrease driving signal amplitude, and enhance the piezo lifetime, both channels can be simultaneously used to drive two piezoactuators mechanically connected in parallel.
Control signals from the AMC module are supplied to DAC circuits, which drive the output channels. Each channel is composed of the high-efficiency Class-D full-bridge power amplifier with the fourth-order low-pass passive filter. The output of the power amplifier is provided to the piezo-element connector through a relay. The relay is used for switching between sensor and actuator modes, independently for each channel.
In the sensor mode, the voltage from the piezo is routed through a relay to the piezo discharge circuit. It protects the rest of the input channel against excessive voltages that can appear on the input terminals by removing the charge from the piezoelement once the driver becomes disabled. The voltage is provided to an analog-to-digital converter (ADC) circuit through a programmable-gain amplifier (PGA). The ADC also monitors the output current by means of a Hall-effect-based current sensor.
The output current and output voltage of the power driver are also observed by dedicated protection and diagnostic processor available on the RTM. This circuit has control over the enable signal of power amplifiers and over the aforementioned relays. It is responsible for the selection of the operation mode of the device channels, implementation of the interlock function in a fast and reliable way, and monitoring of the piezo presence. It protects the piezo actuator from damage and its operator from the electric shock. It safely disables the output channel in several tens of milliseconds upon detecting cable disconnection, short-circuit condition or driving waveform exceeding the safety limits.
The PCD module is equipped with an RTM module controller (RMC) in order to enhance driver reliability, availability, and improve its serviceability. The RMC is composed of several I 2 C devices: ADC circuits, thermometers, memory, digital signature, and an expander. It is responsible for the monitoring of the crucial parameters of the device, like temperatures and power supply voltages. When the parameters reach their critical levels, the MicroTCA carrier hub (MCH) can disable the module and signal the failure to the operator. The hot-swap functionality simplifies device servicing and inspecting accordingly. The device management bus is also connected to the protection processor to report its state over the IPMI.
During laboratory tests, the PCD output stage is powered from a typical bench laboratory power supply. However, this option is not suitable for continuous operation in the accelerator tunnel. In the field, the PCD is powered from an industrial high-reliability power supply. Its availability is enhanced by a health monitoring system. The crucial parameters of the power supply, i.e., temperatures and power good signals are being monitored through a serial interface. Reading the health management sensors and properly reacting to the events will allow predicting potential failures before they occur.
The described piezo driver was built and tested. One of the finished modules is presented in Fig. 6 . Only fully operational and error-free devices can be installed and used in the machine. Therefore, after the fabrication, each module is thoroughly checked for problems related to assembly faults, firmware discrepancies, and other possible damage. The tests are designed in order to be able to detect a vast majority of possible failures.
V. EXPERIMENTAL RESULTS
The tests of the driver have been performed in a 7-slot, 5 U, 42 HP MicroTCA.4 crate from Schroff equipped The RTM piezo driver is equipped with control DAC circuits which are connected to the Zone 3 D1.1 class connectors [24]- [26] . The solution needs an AMC module compatible with the MicroTCA.4 and equipped with an FPGA device that can generate control signals driving the piezo actuator. The piezo driver RTM is hosted by the MFMC AMC module with Artix-7 FPGA [27] . The piezo driver RTM module with attached AMC is presented in Fig. 7 .
In order to perform tests, a dedicated FPGA firmware implementing an arbitrary waveform generator was developed. It enabled controlling the ADC circuits on the RTM from the CPU via the PCI Express bus with help of a dedicated driver and a C++ application using the Qt library. The output of the driver was first evaluated with various film capacitors ranging from 2.2 µF up to 160 µF.
The measurements were performed with a Tektronix TPS2014 digital oscilloscope with galvanically isolated inputs and Tektronix TCP2020 current probes (50 MHz bandwidth). The power supply was a 220 W custom-made piezo power supply unit (PPSU) based on two TDK-Lambda HWS100A-48/A rated at ±50 V, 2.1 A. The first series of measurements were conducted with foil capacitors simulating the piezo actuators measuring important parameters such as output peakto-peak voltage, both peak and rms current flowing through the capacitor (piezo), as well as temperature and the operation of safety measures. The second series of measurements were carried out with piezo actuators mounted in a machine vice. The driver was applied to excite two NAC 2022-H30 piezo actuators operated in the unipolar mode at room temperature.
A. Measurements with Foil Capacitors
The measurements were performed with the use of film capacitors of a large-signal capacitance equivalent to that of the piezo actuators, ranging from 2.2 µF up to 160 µF. For each capacitance, the module was tested in a pulse mode with 10 pulses at a frequency of 14 Hz (the same repetition rate as for ESS accelerator) as well as in the continuous-wave (CW) mode. All the measurements were done in a full-bridge differential bipolar drive, at the electrodes of the load capacitors.
1) Pulse Operation Mode: A series of pulse operation mode measurements have been performed with ten-period sine wave bursts repeated at a frequency of 14 Hz with a maximum voltage of 180 V pp and no dc offset. The frequency range measured varied from 10 Hz to 25 kHz. The results presented in Fig. 8 show the maximum output voltage for a given load capacitance that does not trigger any protection. The module can reach more than 10 kHz at full output voltage with a 2.2 µF load. The results show that the PCD has enough spare power (more than an order of magnitude) to drive the piezo actuators of ESS accelerator.
The module could generate up to 25 A of a peak current (measured for 2.2 µF, 10 kHz) at 180 V, which is below the built-in over-current protection of the amplifier itself of around 28 A. For 80 and 160 µF, the module seems not to have received enough power to generate a full 180 V pp signal (see Fig. 8 ). The full signal might be achieved by reducing the number of pulses per burst.
The output stage filter was designed to prevent LC resonances within the operating frequency range up to 50 kHz [28] . As shown in Fig. 8 , the frequency response is flat before the cutoff frequency, which is a desired result from the control standpoint. Even though the ESS specification requires an output voltage of 160 V pp with 2.2 µF, 5.8 µF and Fig. 9 . Frequency response for the CW operation. 10.7 µF loads, the module was designed to operate properly with 180 V pp with loads up to 40 µF leaving a safe margin for similar future projects. The module is capable of operating with the unipolar and semi-bipolar drive at room temperature as well as bipolar drive for piezo actuators in cryogenic temperatures.
2) Continuous-Wave Operation Mode: CW operation mode measurements have been performed in order to evaluate the module's thermal performance as well as its capacity for its continuous operation. Fig. 9 presents the results of the CW measurements. The maximum amplitude was set to 180 V pp without a dc offset. The frequency range measured varied from 10 Hz to 25 kHz.
The results show the maximum output voltage for a given load capacitance within the limitation set by the safety measures (such as over-temperature and over-current protection). The module can sustain a continuous rms current of around 2.2 A without overheating. Comparing the CW operation to the pulse mode, we can see there is still room for improvement. The operation of the driver was limited by the power generated on the RTM card in output stage filter. The module seems to have not received enough power to generate a full 180 V pp signal in the case of 80 and 160 µF loads.
B. Limitations and Potential Improvements
The main challenge when designing a high-power RTM device is the 30 W hard limit on dissipated power set by the MicroTCA.4 standard. The module's temperature limit (regardless of the IPMI threshold settings) was set to 80 • C with a warning above 70 • C. The IPMI itself has a set of thresholds, namely, upper noncritical, upper critical, and upper nonrecoverable, which, during the measurements, were set to 65 • C, 70 • C, and 85 • C, respectively [23] , [29] , [30] . The MCH was configured to power down the slot on the upper nonrecoverable state. The value of 85 • C was chosen in order not to interfere with the module's protection and to evaluate its reliability, but also to act in case it failed. During the months of measurements, the safety measures never failed. Piezo actuator, piezo sensor, and a strain gauge installed in a machine vice.
Four I 2 C temperature sensors were placed on the module, one for each channel, one for the ambient temperature and one for the temperature of the exhausted air.
The main sources of heat are switching nMOS transistors of Class-D amplifiers and series resistors, which are required to dampen LC resonances and ensure stable operation of the amplifier with a capacitive load (see [28] for details). Another source of heat is the first stage of the LC low-pass filter (LPF), which is responsible for filtering out the bulk of the carrier frequency. Therefore, these two factors are the main limitations. Possible solutions include a decrease in the series resistance for higher load capacitance, the use of heat-sinks with larger thermal design power (TDP) rating, and improvement of the printed circuit board thermal design. Fig. 10 presents a thermal image, with a visible light reference, of the module driving a 2.2 µF load with a single channel providing 10 kHz sine wave in a CW operation mode. The photograph was taken without slot fillers that are present during normal operation to improve the airflow.
C. Test of the Piezo Actuator and Piezo Sensor
Following the series of measurements with foil capacitors, the piezo driver module was tested with two Noliac NAC 2022-H30 piezo stack actuators at room temperature mounted in a machine vice. The piezo actuator and piezo sensor are presented in Fig. 11 . The required preload force was set up to 1000 N for each actuator and measured with an S-type strain gauge (see Fig. 11 ).
One piezo operated as an actuator in the unipolar mode (5.76 µF), while the other was used as a sensor. The actuator Fig. 12 ). A sinusoidal piezo actuator current was measured from −2.51 to +2.55 A with 1.79 A rms . The electromechanical coupling coefficient k between the piezo actuator and sensor for the 2000 Hz frequency is equal to 17.56.
VI. CONCLUSION
The paper describes pioneering research in a high-power device dedicated to MicroTCA.4 systems. The first high-power piezo driver for MicroTCA.4-based systems that can control the largest piezoelectric actuators with the capacitances over hundreds of microfarads has been developed and tested. The driver fulfills all the MicroTCA requirements with the RTM dissipated power limit of 30 W in particular. The initial tests have shown that the RTM can interoperate with the AMC module and can drive loads up to 160 µF.
The main limitations of MicroTCA.4 standard concerning high-power designs were also identified. The 12 V payload power is delivered using only four pins of the ERmet ZD Zone three connector, and therefore, the maximum power provided to the RTM is limited to 30 W. In the case of the high-power piezo driver, it was decided to use an external power supply unit, which solved the problem of a limited payload power capability. The other limitation of MicroTCA.4 standard concerns the maximum power dissipated on the RTM device. Thanks to the use of the PWM-based amplifiers (Class-D), it was possible to achieve more than 90% efficiency and low power loss (estimated up to 10 W loss per channel). It is possible to design other higher-power MicroTCA.4 amplifiers using the same methodology. The carried out measurements prove that the output power of a single driver output is more than 100 W (200 W in total). Moreover, the developed module fulfills the ESS specification with a safe margin. The module is capable of operating with the unipolar and semibipolar drive (required for room temperature applications) as well as bipolar drive for piezo actuators that are suitable for cryogenic temperatures with signals of up to 180 V pp and a confirmed range of capacitance of 2.2 to 160 µF. The developed piezo driver module is also suitable for other applications that require more than 200 W of the driving power, e.g., magnet control systems for linear accelerators that direct and focus a particle beam. A significant amount of development time was also devoted to the optimization of the output stage of the amplifier (LC LPFs, long piezo cable connections, series dumping resistance, heat dissipation) ensuring high signal-to-noise ratio, low distortions, and stable operation across the whole input frequency range (from 1 to 50 kHz).
PLANS FOR THE FUTURE
The current, high-power version of the driver requires an external power supply. However, if drive requirements were relaxed to 60-70 W of load power, it would be possible to build a version supplied solely from an AMC module. Ongoing work involves development, testing and standardizing of a new high-voltage (up to a few hundred volts) Digital Zone 3 class including a mechanical and electronic keying for high-voltage applications. The high-voltage power will be generated from the payload power on the AMC module using a dc/dc converter and provided through the standard ERmet ZD Zone 3 connector.
Delivering more than 70 W to the load requires another modification of the MTCA.4 specification. Applying a high-efficiency dc/dc converter to provide high-voltage to Class-D amplifiers makes it possible to design more than a 200 W driver without imposing additional requirements on the chassis cooling system; however, all the power needs to be provided to the AMC via a backplane, imposing additional requirements on the MTCA power supplies.
The remaining areas of further developments concern electromagnetic interference (EMI) and electromagnetic compatibility (EMC) testing and certification. In addition, we are planning further tests in cryogenic temperatures with cavities, both standalone in the cryostat and integrated into accelerator.
